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Magnetic field effects on the emission from thélB+, state of By and C} and the BIly+ state of IBr and

ICI have been investigated with the aid of excitation spectroscopy under various external magnetic fields up
to 7.5 kG. The magnetic quenching was observed for all the investigated vibrational levejsaoidBhe'

= 2 level of IBr, whereas no detectable magnetic quenching was observed for the other levels of IBr and for
all the investigated levels of €and ICI. The magnetic shortening of emission lifetimes was also observed
for Bro. A linear relationship was found between the magnetic quenching efficiency and the magnetic shortening
efficiency. From this it is derived that the former can be represented by the ratio of magnetically induced
increment in the nonradiative decay rate to the intrinsic decay rate. This relation can explain the observed
dependence of magnetic quenching o Bnd IBr upon vibrational and rotational levels. The magnetic
quenching efficiency observed for Band IBr was found to be linearly dependent upon the square of the
magnetic field strength. This indicates that the observed magnetic quenching is caused by the direct mechanism.

|. Introduction Under these circumstances, it is considered to be important
to study more systematically and quantitatively the MFEs of

; . small molecules in the gaseous state. In this study, halogen
gaseous molecules have been the subject of interest for many,ng interhalogen molecules are chosen to study the magnetic

decades, and in 1974 Matsuzaki and Nagakura discovered thequenching. The main purpose is to clarify necessary conditions

magnetic _quenchlng of fluor(lescgnce from the NONMAGNEC ¢, yhe oocurrence of magnetic quenching through a systematic
singlet excited state of GSapor.. Since then, many polyatomic comparison of the MFEs of these molecules. In particular,

molecules in their singlet excited states have been found to special attention is paid to the relation between magnetic

o o4 : :
exhibit MFEs=™ On the other hand.’ only seyeral dlat(_)mlc guenching efficiencies and natural lifetimes of emitting levels.
molecules have been known to exhibit magnetic quenching.

For diatomic molecules, only five molecules are known to Il. Experimental Section

exhibit magnetic quenching of emission from their excited states,  QOur experimental setup is schematically shown in Figure 1.
namely, b Cs,° Rb,” NO&®and CNX® Among them, NO A sample cell (Pyrex) is placed at the center of an electromagnet
and CN are rather special in the sense that specific rotational(Tokin SEE-14). The magnetic field strength is varied between
levels exhibit MFEs through local perturbations. 0 and 7.5 kG. An excimer laser (Lambda Physik EMG50E,
The mechanism of magnetic quenching of fluorescence is well XeCl, 20 mJ) pumped dye laser (Lambda Physik FL2002) is
explained by the theory proposed by Stanhardnd by used as the excitation light source. Coumarin 540A and
Matsuzaki and Nagakufd. They proposed that the magnetic Rhodamine 610 are used to excite;Band DCM is used for
field can change the nonradiative transition rate in two different 1Br. Coumarin 500 and Coumarin 540A are used fos &id
ways, namely, the direct mechanism (DM) and the indirect ICI, respectively. The pulse width, pulse repetition, and line
mechanism (IM). In the DM, two different electronic states width of the dye laser output are about 10 ns, 10 Hz, and 0.4
with the same spin multiplicity are coupled by the Zeeman cm™2, respectively. Although the spectral resolution was not
perturbation, giving rise to the increase of nonradiative transition sufficient to resolve completely rotational lines, lifetimes
rate. Inthe IM, the intrinsic coupling between electronic states measured at selected wavelengths are in good agreement with
with different spin multiplicity (singlettriplet interaction, for reported value$! The Br, emission, Bl1g+—XZ*g, is moni-
example) is enhanced because of the field-induced spin decoutored with a cutoff filter to eliminate the laser line. The output
pling. Itis interesting that the DM has been found in only di- of a photomultiplier (Hamamatsu Photonics, R928) is fed to a
and triatomic molecules (SC£Is the only exceptiot¥) and digital storage oscilloscope (Tektronix 2440, 500 MS/s), and
not in larger polyatomic molecules. digitized data are transferred to a personal computer (EPSON
PC-286X) via a GPIB interface. This computer controls the
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wiggec TABLE 1: Q(H) Values Observed for the Three Vibrational
” " Bands Corresponding to the BIlg+, — XX*4 Transition of
Br, (H = 7.5 kG, 5 mTorr Vapor Pressuref
Sample Cell y=17.0"=1
Shielding box (Fe) A, nm 561.87 562.10 562.35 562.67
Y Q(H) 35 2.4 0.9 ~0
V=14,0" =2
Dye @ O MC |PMT A, nm 583.28 583.51 583.64
Laser L Q(H) 11 0.4 ~0
Magnet = = = v'=10,0"=2
A, nm 600.18 600.35 600.55
Y , Q(H) 2.1 0.8 ~0
XeCl Digital Storage
Excimer m Oscilloscope | aThe errors (1 SD) are about 5% of the observed values.
Laser
| 20 B I I I
XY
Lt pC
Plotter
561.87nm
Figure 1. A Schematic diagram of the experimental setup. 15 - =
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Figure 3. TheQ(H) vs H? plots for three peaks of the (¥7) band of

Br, at 20 mTorr. The error bars shown are drawnttb SD, and the
errors of other points are about the same as that given by the nearest
error bar in the figure.
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bands of Bs were also investigated and showed similar behavior
to that of the three bands mentioned above. These three bands
of Br, were chosen for detailed investigation since they were
less overlapped with adjacent bands.

Typical excitation spectra of Bare shown in Figure 2. From
the emission intensity observed under magnetic field strength
H, I(H), and that in the absence of magnetic fiel(D), we
obtained the magnetic quenching ratio define®éd) = 1(0)/
2F I(H) — 1, which is the quantitative representation of the magnetic
guenching efficiency. The results are shown in Table 1. We
can see from the table that the degree of magnetic quenching
decreases with increasing wavelength, i.e., higher

The Q(H) values for the (171) band were plotted against
Figure 2. Excitation spectra for the (371) band of By in the presence the square of magnetic field strength in Figure 3. A linear
and absence of a magnetic field (7.5 kG). The vapor pressure is 20 relationship was obtained between both quantities. This is the
mTorr. .Peaks wiFh an .asterisk were used for the measurement of case for all the investigated bands of,Br
magnetic quenching ratios and lifetimes. Excitation spectra of the (23) band of IBr are shown in
. Figure 4. The magnetic quenching was clearly observed. The
to IBr (Bra, 6.5 mTorr; IBr, 35 mTqrr). In some regions, (3%3) band of IB?, how%ver, didgnot exhibitythe magnetic
hov_ve\(er, Bs I|n_es interfere W|th IBr lines. In that case, IBr quenching. Bands wite’ = 1 ands’ > 4 were not observed
emission was isolated by tuning the monochromator at the po .5 ise of the weak emission intensities. Figure 5 shows the
resonance fluorescence freqluenmes of IBr. ICI vapor was magnetic field strength dependence of the magnetic quenching
sublimed from IC} crystal, which was almost free from. | ratio at four peaks: three from the<3) band and one from
the (3—-3) band. The linear dependence of the quenching ratio
on the square of magnetic field strength is seen for the3§2

III.A. Excitation Spectra and Magnetic Quenching. The band. No magnetic quenching was observed for the3§and.
excitation spectrum of the BX transition was observed in the No detectable magnetic quenching was observed foad
presence and absence of a magnetic field for the-@)0(14— ICI.

2), and (171) bands of By, for the (3-3) and (2-3) bands of I1.B. Lifetimes and Magnetic Quenching of Br,. Emission
IBr, for the (9-0), (11-0), and (12-0) bands of GJ, and for lifetimes were measured for some rotationbration levels ¢’
the (2-0), (1-0), (2-3), and (3-2) bands of ICl. Several other = 17, 14, and 10) of the #I,+, state of Bp in the presence

1 I 1 [ 1 I
561.8 562.0 562.2 562.4 562.6 562.8 563.0 563.2

Wavelength (nm)

I1l. Results and Discussion
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Figure 6. Decay curves for the (}71) band of Bs in the presence
(lower trace) and absence (upper trace) of a magnetic field (7.5 kG).
Excitation at 561.87 nm. The vapor pressure of Br30 mTorr.

TABLE 2: Collision-Free Emission Lifetimes (z in us) of the
B3Il,+, State of Br, Observed in the Absence and Presence
of a Magnetic Field (7.5 kG}

w

N 1
641.8

642.0

641.6 o2
Wavelength (nm)

Figure 4. Excitation spectra for the {23) band of IBr in the presence
and absence of a magnetic field (7.5 kG). The total vapor pressure of

IBr and Br, is 100 mTorr. Peaks with an asterisk were used for the
measurement of magnetic quenching ratios.
0.8 fF T T I H
641.61nm
(v'=2)
0.6 —
(o} 641.81nm
(v'=2)
o4l -
o
02 642.02nm
(v'=2)
636.82nm
0.0 A —a—a (v=3) -]
| | 1 |
0 20 40 60 80
H/(kG)

Figure 5. The Q(H) vs H? plots for the (2-3) and (3-3) bands of

IBr. Three peaks at 641.61, 641.81, and 642.02 nm are taken from the

(2—3) band, and a peak at 636.82 nm is from the-3 band. The
error bars shown are drawn to1 SD, and the errors of other points
are about the same as that given by the nearest error bar in the figure

vV =17,0"=1

A, nm 561.87 562.10 562.35 562.67
0G 1.83 1.4 0.59 0.37
7.5 kG 0.40 0.44 0.42 0.37
vV =14,0"=2

A, nm 583.28 583.51 583.64

0G 0.61 0.43 0.36

7.5 kG 0.39 0.35 0.33

v =10,0"=2

A, nm 600.18 600.35 600.55

0G 0.88 0.55 0.41

7.5 kG 0.35 0.29 0.40

a2The errors (1 SD) are about 5% of the observed values.

small J' values §' < 40). Table 2 shows that the degree of
magnetic shortening of lifetime decreases with decreasing
natural lifetime aH = 0; i.e., the longer the natural lifetime is,
the larger the magnetic shortening.

A comparison of Table 2 with Table 1 indicates that a parallel
relationship exists between the magnetic quenching rétjo,
and the degree of magnetic shortening of lifetime. To illustrate
this point more clearly, the observe&d(H) values in Table 1
are plotted against the corresponding ratios of lifetimes, i.e.,
7(0)/x(7.5 kG)— 1, derived from the observed lifetimes shown
in Table 2. The resultis shown in Figure 7. This figure shows
that the plots are well represented by a straight line with a slope
close to 1; namely,

10) _ 70

H) () @)

The ratioz(0)/z(H) can be represented by the following equation
on the assumption that the back energy transfer processes are

and absence of a magnetic field. Typical decay curves are seefl€dligible.

in Figure 6 and show the single-exponential decay. The
magnetic shortening of lifetime is clearly seen in the figure.
Lifetimes measured in the pressure range 60@D3 Torr
satisfied the SteraVolmer linear relationship. The collision-
free lifetimes were obtained by extrapolating the observed ones
to zero pressure. The results for the three bands ef 17,

14, and 10 are summarized in Table 2. For each band, lifetimes

were measured at three or four peaks in the region of relatively

W0 _ki_kotkn
) K K @
From egs 1 and 2
_10 Kk
A=~ 1= ®)
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PN = T T T O TABLE 3: Rough Estimates for Decay Rates (in s?) of the
B3Iy, State of Br, and Q(H) Derived from ko and kp,
o v =17
A, nm 561.87 562.10 562.35 562.67
— 3 - ko 55x 10F  7.1x 10 1.7x 1CF 2.7x 10°
Y kn (7.5kG) 2.0x10° 1.7x10° 6.8x 1P 0
&) Q(H) 3.6 2.4 0.40 0
- + o V=14
~ 2 - 2, nm 583.28 583.51 583.64
= ko 16x10F 23x10° 2.8x1C°
g kn(7.5kG) 9.6x 10° 56x10F (2.3x 109
= le) Q(H) 0.60 0.24 0.08
T (<) lo) 7 ' =10
A, nMm 600.18 600.35 600.55
(o) ko 11x 106 18x10° 24x10°
0 kn(75kG) 1.7x10°F 16x 10° (1.0x 10F)
l | | in Q(H) 15 0.89 0.04
0 1 2 3 4
0) / (7.5kG) - 1 magnetic quenching ratios can be calculated by eq 3. Most of

Figure 7. Magnetic quenching ratios vs magnetic shortening ratios of the calculated magnetic quenching ratios agree with the corre-
lifetimes for the BIl,+, state of Bs. The error bar shown is drawnto  sponding values obtained from the emission intensity measure-
£1 SD, and the errors of other points are about the same as the onéments (Table 1) within experimental errors except for the case
given in the figure. of ' = 14 andy” = 2. At 562.67, 583.64, and 600.55 nm at
which Q(H=7.5 kG) is almost zeroky is 1 order or more
smaller tharko.

I11.D. Mechanism of Magnetic Quenching. Figures 3 and
5 show that the magnetic quenching ratio is linearly dependent
upon the square of magnetic field strength for all the investigated
bands of Bs and thes’ = 2 band of IBr. This is consistent
with the theoretical expectation for the magnetic quenching due
to the direct mechanisd}:12 This indicates that the magnetic
guenching is caused by the direct mechanism for Br

Baba et al® studied in detail the magnetic quenching of the
emission from the BTy+, state of . According to them, the
predissociation of the 8Iy+, state is magnetically enhanced
through the mixing with the 24311, state. The mixing occurs
through the Zeeman interaction of théll-, state with the
243PI1;, component (the direct mechanism) contained in the
24311, state through the spirorbit interaction. Since the
potential energy diagram fog &nd Bk are similar to each other
near the BIlp+, state, the above mechanism is considered to
be applicable to Br

The potential curve of the Bl state of IBr is somewhat
different from that of } or Br, because of a strong interaction
with the repulsive O state!” However, the overall electronic
structure of IBr with respect to Bly+, °I1;, and 11 states is

wherekg is the intrinsic decay rate arig, is the magnetically
induced increment in the nonradiative decay rate. Equation 3
shows that the magnetic quenching ratio is determined by the
ratio of the magnetically induced increment in the nonradiative
decay rate to the intrinsic decay rate of the emitting level. This
equation is considered to be applicable to similar simple
molecules and to be important in discussing their magnetic
quenching.

III.C. Lifetimes and Magnetic Quenching of IBr. As is
shown in section Ill.A, the emission from thé = 2 level of
IBr(B) is quenched by external magnetic fields, whereas the
emission from the/ = 3 level is not quenched. Clyne and
Heaven measured the lifetimes of these two vibrational levels
of IBr(B).1> According to their results, the lifetimes of thé
= 3 level are much shorter than those of the= 2 level
(roughly by a factor of 5), and all higher vibrational level$ (
> 4) are completely predissociated. The lifetimes of the
2 level of IBr are in the same range as those of(B). The
natural predissociation rate of IBr(B), however, increases very
rapidly with increasing/. According to eq 3, this means that
the magnetic quenching efficiency of IBr decreases steeply with
increasingy’. This is the reason the magnetic quenching is

obscferveﬁ fofr the ehmi'ss_ion lfroml the= 2 level of IBI(B) but  gjmilar to that of b or Br,, and there exists a linear dependence
not.ort at from thes’ = 3 level. ) _of the magnetic quenching ratio upon the square of magnetic
Figures 3 and 5 show that the degree of magnetic quenchingsie|q strength for the’ = 2 level of IBr. This suggests that

decreases with increasing wavelength, i.e., higheAccording the magnetic quenching of IBr is also caused by the direct
to eq 3, this means that the intrinsic natural lifetime of IBr yechanism.

becomes shorter with increasidy This is consistent with
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